In the process of hot dip galvanizing high tensile strength sheet steels containing Si and Mn, selective surface oxidation of Si and Mn causes coating defects. One promising method for overcoming this problem is an oxidation-reduction process. When the steel surface is exposed to an oxidizing atmosphere, it will react primarily by forming an Fe oxide, which can be reduced by hydrogen in a reduction process that follows. It has been explained that good wettability can be obtained due to the formation of pure iron. However, the mechanism of suppression of selective surface oxidation has not been clearly understood in detail yet.
Introduction
In recent years, concern about reducing automotive body weight and improving collision safety has increased dramatically, encouraging active use of high-tensile steel sheets for automobiles. 1, 2) In manufacturing high tensile steel sheets, various elements including Si and Mn are added to obtain high strength and high ductility. 3, 4) These high-tensile steel sheets have also been applied to galvannealed components to achieve excellent anti-corrosion properties. 5) In the manufacturing process of steel sheets for automobiles, recrystallization annealing is generally performed in order to reduce surface oxides of Fe and to recrystallize the steel sheet structures. Recrystallization annealing is typically carried out in a continuous furnace controlled to a dew point of less than -20°C and annealing temperature of around 800°C under a N 2 gas atmosphere, which usually contains around 10 vol% of H 2 . Fe oxide can be reduced in this annealing atmosphere. Thermodynamically, however, both Si and Mn can be oxidized under these conditions. 6) Therefore, Si and Mn tend to diffuse from the steel matrix to the surface and be oxidized as selective surface oxides. It is well recognized that these selective surface oxides of Si and Mn deteriorate the wettability of molten zinc on the surface of the steel in the hot dip galvanizing process immediately after annealing. As a result, coating defects are subject to be observed. [7] [8] [9] [10] Moreover, in the galvannealing process, it has been reported that these selective surface oxides prevent reaction between Zn in the coating and Fe in the steel substrate. 11, 12) Therefore, it is important to clarify the selective surface oxidation behavior of Si-and Mn-bearing steel from the viewpoint of active utilization of galvannealed high tensile steel sheets.
As one promising method of overcoming these issues, an oxidation-reduction process has been suggested. [13] [14] [15] The steel surface will be primarily exposed to an oxidizing atmosphere to form an Fe oxide layer (Fe pre-oxidation), which can be reduced by hydrogen in the reduction process that follows (post-reduction). It has been explained that good © 2014 ISIJ wettability can be obtained due to the formation of pure iron. However, the mechanism of suppression of selective surface oxidation has not been clearly understood in detail yet. Y. F. Gong et al. reported the results of transmission electron microscopy (TEM) observation of the surface and subsurface regions of both Si-and Mn-bearing steels in an oxidation-reduction process, and investigated the properties of the oxides generated in detail. 16) However, they did not describe the mechanism responsible for suppressing the selective surface oxidation of Si and Mn during the oxidationreduction process in detail. Thus, there are few studies which give consideration to the phenomena of selective surface oxidation in relation to internal oxidation, depletion of solute elements in the matrix, and outer diffusion in the subsurface of the steel during an oxidation-reduction process.
Therefore, in this study, the selective surface oxidation behaviors in each stage of an oxidation-reduction process were investigated and associated with internal oxidation, depletion and outer diffusion of solute elements in the subsurface of the steel in order to clarify the mechanism of suppression of selective surface oxidation.
Experimental Method
The steel samples used in the present study were full hard cold-rolled Si-and Mn-bearing steels with a thickness of 1.0 mm. The composition was 0.095mass%C, 0.25mass%Si and 1.8mass%Mn, as shown in Table 1 . The samples were pre-cleaned by electric degreasing, which was performed in an alkaline solution of 3.4mass%NaOH at 500 A·m -2 for 10 s. The samples were then pickled in an acidic solution of 5mass%HCl at 60°C for 6 s, after which the samples were annealed. Annealing was carried out in two types of gas atmospheres. As shown in Fig. 1 , Fe pre-oxidation was conducted in an oxidizing atmosphere of N2 + 0.1vol%O2 at a dew point of 10°C. The sample heating rate was 13°C·s -1 , and the Fe pre-oxidation temperature was 650°C. After preoxidation, post-reduction was carried out in an atmosphere of N2 + 5vol%H2 at a dew point of -35°C. The heating rate was 13°C·s -1 up to 650°C, and 2°C·s -1 up to maximum temperature. The soaking time was 1-240 s at maximum temperature. After annealing, the samples were rapidly cooled to room temperature with 100vol%N2 with a flow rate of 200 L·min -1 . After cooling, the annealed samples were analyzed as follows. Selective surface oxidation behavior was investigated by glow discharge optical emission spectroscopy (GD-OES). The conditions utilized for measurement were a current of 20 mA and an Ar gas flow rate of 8.3 mL·s -1 . The sputtering time was 30 s, and the sputtering rate was approximately 0.008 μm·s -1 . The amount of selective surface oxidation of the annealed samples was quantified by measuring the concentration profiles of Mn at the steel surface by GD-OES. In these GD-OES profiles, the integrated Mn intensity (arbitrary unit) of 0-0.04 μm was defined as the amount of selective surface oxidation of Mn. The peak of the intensity in 0-0.04 μm, which was higher than that of the matrix and was more than 0.2 μm away from the surface, was defined as a rich layer.
The surfaces of the annealed samples were observed by scanning electron microscopy (SEM). The conditions used in this observation were an acceleration voltage of 5 kV and working distance of 15 mm. Fourier transform infra-red spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) were used to characterize the selective surface oxides on the annealed samples. In FT-IR measurement, a highsensitivity unit was utilized and the incidence angle was adjusted to 70°. The conditions used in XPS were an X-ray source of Al kα and a measured region of 600 mmϕ. The cross-sectional annealed samples were prepared by focused ion beam (FIB) milling to a thickness of 100 nm. These samples were observed by SEM under conditions of an acceleration voltage of 3 kV and working distance of 5 mm. The samples were also investigated by TEM to determine the morphology and distribution of the oxides in the subsurface region. Determination of the composition of the internal and surface oxides and the amount of solute Mn was performed by energy dispersive spectroscopy (EDS).
Results

Effect of Fe Pre-oxidation and Soaking Time on
Selective Surface Oxidation Figure 2 shows GD-OES depth profiles of the samples annealed at 650°C for 1 s and at 800°C for 20 s and 240 s with and without Fe pre-oxidation, respectively. In the case without Fe pre-oxidation, the intensity of Si-and Mn-rich layers increased as the reducing temperature and the soaking time increased. The thickness of the rich layers was 0.01-0.02 μm at 650°C and 0.05-0.06 μm at 800°C for 240 s, respectively. With Fe pre-oxidation, although the intensity of the rich layers increased slightly as the reducing temperature and soaking time increased, the rate of increase was much lower than that without Fe pre-oxidation. A peak of Mn was observed in the matrix, which was 0.05-0.20 μm below the surface, but this was thought to be due to internal oxidation. selective surface oxide comprised mainly Mn2SiO4 17, 18) at each soaking time. On the other hand, with Fe pre-oxidation, hardly any peaks of Mn2SiO4, MnSiO3 and SiO2 were observed. The peak observed at around 500 cm -1 was presumed to be MnO2. 19 ) Figure 5 shows the XPS spectra of the surfaces of the same samples. Without Fe pre-oxidation, spectra of both Mn-O and SiOx 20) were clearly detected, whereas, with Fe pre-oxidation, although Mn-O spectra were observed, no Si-Ox spectra were found at each soaking time.
SEM observation was performed in order to characterize the selective surface oxide. Figure 6 shows SEM images of the surfaces of the samples annealed at 800°C for 20, 80 and 240 s with and without Fe pre-oxidation. With Fe preoxidation, although there were fewer selective surface oxides at 20 s of soaking time, a few surface oxides with diameters in the range of 0.1-0.3 μm were observed at 80 s, as shown in Fig. 6 . Moreover, the amount of the selective surface oxide tended to increase as the soaking time increased. However, without Fe pre-oxidation, the morphology of the oxide was different from that with Fe pre-oxidation and was not clearly granulous. length of about 0.2 μm. Based on the results of EDX analysis of the sample annealed for 80 s, these oxides were presumed to be MnSiO3. On the other hand, the results of EDX of the sample annealed for 20 s indicated that the internal oxides located along the grain boundaries of the matrix at about 0.5 μm below the surface were SiO2. Moreover, external oxides with a diameter of 0.1-0.2 μm were clearly observed on the surface of the sample annealed at 800°C for 240 s. The EDX results indicated that these external oxides were MnO. At the same time as this TEM observation of oxides, EDX analyses of the subsurface area, except for the part where internal oxides were observed, were carried out in order to measure the amount of solute Mn in the subsurface area down to 2 μm below the surface. As a result, Fig. 9 shows the dependence of the amount of solute Mn on the depth from the surface of the samples annealed at 800°C for 20, 80 and 240 s. This investigation clarified the fact that the amount of solute Mn in the subsurface area, i.e., down to 1 μm below the surface, was less than that in the matrix, i.e., more than 2 μm below the surface of the sample annealed at 800°C for 20 s. Here, the area where the amount of solute Mn is less than 1.5 mass% is defined as the "depletion zone of solute Mn". In this case, the thickness of the depletion zone of solute Mn was about 0.77 μm. Furthermore, the thickness of the depletion zone of solute Mn decreased with increasing soaking time, about 0.63 μm at the soaking time of 80 and about 0.37 μm at 240 s. It should be noted, however, even when the depletion zone was formed, the amount of solute Mn was about 0.1 mass% at a soaking time of 20 s and was about 0.5 mass% and 1.4 mass% at 80 s and 240 s, respectively. That is to say, the amount of solute Mn increased with increasing soaking time. (4) Here, pH2O/pH2 is defined as the ratio of the partial pressure of H2O (pH2O) and that of H2(pH2). pH2O/pH2 of each oxide, that is SiO2, MnSiO3, MnO and FeO, was calculated considering the above Eqs. (1) through (4) for an Fe-1.8mass%Mn-0.25mass%Si alloy annealed in an atmosphere of 5vol%H2-N2.
Effect of Reducing
22 ) The results are shown in Fig. 10 . In this study, these calculations were made on the supposition that the activities of Mn and Si were equal to the atomic ratio of each element. 22) log(pH2O/pH2) could be calculated at about -2.5 in the annealing atmosphere, which had a dew point of -35°C and hydrogen concentration of 5 vol%. As shown in Fig. 10 , when log(pH2O/pH2) equals to -2.5, the reaction in Eq. (4) should proceed to the left, that is, the reaction is reducing. On the other hand, the reactions of (1)- (3) proceed to the right, that is, these reactions are oxidizing. Therefore, at the beginning of annealing at 800°C with Fe pre-oxidation, reduction of the Fe oxide started on the sur- face, and simultaneously, internal oxidation of Si and Mn, which are much more easily oxidized than Fe, occurred due to the oxygen supplied by the Fe oxide at the interface between the Fe oxide and the steel substrate. As a result, as shown in Fig. 3(b) , the amount of selective surface oxidation of Mn was small during a comparatively short soaking time up to 80 s at 800°C. On the other hand, with a relatively long soaking time of 240 s, MnO tended to form on the steel surface because the reduction of Fe oxides had been completed at the surface, and as a result, outer diffusion of Mn began, which was followed by selective surface oxidation of the diffused Mn. However, as shown in Fig. 3(b) , the amount of selective surface oxidation of Mn in this case was less than one-quarter of that without Fe pre-oxidation. The reason for this will be discussed in detail in the following Chapter 4.2. As shown in Fig. 8 , in the case of a relatively long soaking time of 240 s, the selective surface oxides should be MnO, and the internal oxides which formed in the matrix of the steel in the range of 0.2-0.4 μm below the surface should be MnSiO3. The internal oxides located along the grain boundaries of the matrix at about 0.5 μm below the surface were supposed to be SiO2. Therefore, the oxides were formed in the order of MnO, MnSiO3 and SiO2 from the surface of the steel into the matrix. As shown in Fig. 10 , the order of pH2O/pH2 at 800°C was also MnO, MnSiO3 and SiO2, which corresponds to the order of the oxides formed in the steel, as mentioned above. In summary, it was found that oxides whose equilibrium partial pressure of oxygen was low formed firstly in the matrix of the steel, and then, as their equilibrium partial pressure of oxygen became higher, the depth at which each oxide formed came closer to the surface of the steel. Furthermore, as shown in Fig. 7 , the thickness of the Fe oxide was about 0.5 μm, so that of the reduced Fe was presumed to be about 0.2 μm on the supposition that the Fe oxide was Fe3O4 and the Fe oxide was completely reduced to reduced Fe. Therefore, the Fe oxide was reduced on the surface of the steel annealed at 800°C. At the same time, in the interface region, SiO2 was supposed to form as an internal oxide at around 0.3 μm from the Fe oxide. That is, oxygen diffused through a distance of 0.3 μm from the Fe oxide. In the same way, MnSiO3 were supposed to form at around 0.2 μm from the Fe oxide. It seems reasonable that the formation of internal oxides should finish if the reduction of Fe oxides is completed. This is because the oxygen potential in the steel should decrease, and the position where the internal oxides form should come closer to the surface as the reduction of the Fe oxide proceeds. Therefore, it is suggested that internal oxidation of chemical components such as Si and Mn should be attributed to inner diffusion of oxygen originated from the Fe oxide. Fig.  9 . These results reveal that the calculated dMn agrees almost perfectly with the measured Δtd from a soaking time of 20 s to 80 s and to 240 s. Thus, the reduction of td may be controlled by dMn. In the case with Fe pre-oxidation, the reason why selective surface oxidation of Mn can be suppressed is thought to be that the depletion zone of solute Mn is sufficiently formed and td is much longer than dMn during annealing in this study. Therefore, as shown in Fig. 3(b) , the amount of selective surface oxidation of Mn in this case with a comparatively long soaking time of 240 s is recognized to be less than one-quarter of that without Fe preoxidation. Strictly speaking, however, the influence of diffusions in the grain boundary and dislocations around precipitates in the subsurface of the steel should also be considered.
Influence of Depletion and
Consequently, the mechanism by which selective surface Fig. 10 . Equilibrium pH2O/pH2 of various oxides on sample with annealing in H2-H2O mixed gas atmosphere.
oxidation of Mn is suppressed/promoted can be shown schematically in Fig. 11 .
Conclusion
In order to understand more clearly the mechanism responsible for suppression of selective surface oxidation in high-strength steels containing added Si and Mn, the selective surface oxidation behaviors in each stage of the oxidationreduction process were investigated and associated with internal oxidation and depletion/outer diffusion of solute Mn in the subsurface of a cold-rolled sheet steel containing 1.8mass%Mn-0.25mass%Si. The results of the present study may be summarized as follows.
(1) In the case with Fe pre-oxidation, the amount of selective surface oxide is less than that without Fe preoxidation. With a comparatively long soaking time of 240 s, MnO forms as a selective surface oxide, and its amount increases with time. This is attributed to the fact that reduction of Fe oxide on the surface has been completed, and outer diffusion and selective surface oxidation of Mn begins.
(2) In this case, the oxides form in the order of MnO, MnSiO3 and SiO2 from the surface of the steel into the matrix. This result indicates that oxides whose equilibrium partial pressure of oxygen is low form firstly in the matrix of the steel, and then, as their equilibrium partial pressure of oxygen becomes higher, the position where each oxide forms comes closer to the surface of the steel.
(3) Internal oxidation of Si and Mn is attributable to the inner diffusion of oxygen from the Fe oxide.
(4) With Fe pre-oxidation, the amount of selective surface oxidation of Mn at a comparatively long soaking time of 240 s is less than one-quarter of that without Fe preoxidation. This may be because the depletion zone of solute Mn is sufficiently formed after this extended soaking time, and as a result, the thickness of the depletion zone of solute Mn becomes much larger than the diffusion distance of Mn during annealing, thereby suppressing selective surface oxidation of Mn. 
